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SUMMARY 

Convective heat  t r a n s f e r  was measured on t h e  afterbody of an Apollo-like 
configuration i n  air  and COZY a t  severa l  angles of a t t a c k .  
made i n  a combustion driven shock tunnel  at enthalpies  s u f f i c i e n t  t o  cause the  
gases t o  d i s soc ia t e .  
r e s u l t s  w a s  observed. A stream-tube analysis  f o r  t h e  tests indicated t h e  

The tes ts  w e r e  

No s ign i f i can t  difference between t h e  air and C02 
~ ~~ 

inv isc id  flow over t h e  afterbody w a s  out of equilibrium which is  a possible  
explanation of the  observed r e s u l t s .  

INTRODUCTION 

High-drag configurations,  such as the  Apollo,  a r e  being considered f o r  
probes t o  near p lane ts .  
contain varying amounts of carbon dioxide.  
questions regarding t h e  afterbody heating i n  t h e  presence of these atmospheres, 
hea t - t ransfer  tes ts  on the  Apollo afterbody i n  pure carbon dioxide, f o r  a 
range of angles  of a t t ack ,  were performed i n  t h e  Ames 1-foot shock tunnel .  
The purpose of t h i s  repor t  is  t o  present these da ta  and t o  compare them with 
air  da ta  a t  approximately t h e  same enthalpy. 

The atmosphere of these near p lane ts  is  believed t o  
A s  a f i rs t  s t ep  t o  answering 

SYMBOLS 

a sk in  thickness  of model 

Cp 

H enthalpy 

P pres  sure 

spec i f i c  heat  of t h e  model mater ia l  

wall heat- t ransfer  r a t e  qW 

R body rad ius  ( f i g .  1) 

corner radius  ( f i g .  1) 
RC 

Rn nose radius  ( f i g .  1) 
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ve loc i ty  i n  streamwise d i r ec t ion  

r a t i o  of number of ni t rogen atoms t o  the t o t a l  number of 
ava i lab le  nitrogen atoms 

r a t i o  of number of oxygen atoms t o  the  t o t a l  number of 
ava i lab le  oxygen atoms 

quasi-equilibrium atom f rac t ions  based on the  nonequilibrium 
temperature 

dis tance .along body surface i n  streamwise d i r ec t ion  from t h e  
body center  l i n e  

r a t i o  of number of moles of gas t o  o r ig ina l  number of cold 
moles 

angle of a t t a c k  ( f i g .  1) 

time 

dens i ty  of  t he  model mater ia l  

Sub s c r i p t  s 

value a t  ou ter  edge of t h e  boundary l aye r  

stagnat ion-po i n t  values 

t o t a l  stream conditions i f  it were i s en t rop ica l ly  brought t o  
r e s t  

w a l l  value 

free-stream value 

MODEL, INSTRUMENTATION, AND DATA mDUCTION 

The model used i n  these  t e s t s  i s  shown i n  f igu re  1. The shape i s  very 
s i m i l a r  t o  t h a t  of the  Apollo command module. It was constructed with a 
0.010-inch-thick 301 s t a i n l e s s  s t e e l  afterbody. 
interference,  t he  model w a s  mounted on a s t ing  which came out  of t h e  model 
afterbody a t  an angle 30° from t h e  model axis. 
constantan thermocouples were spot welded t o  t h e  ins ide  of t h e  skin on the  
windward s ide .  

In  an attempt t o  reduce s t i n g  

Number 36 gauge chromel- 
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response of the thin-skinned afterbody. 
reduction w a s  

The equation-governing t h e  data  

Q, Btu/lb pt , a t m  u,, f t /sec po a t m  Go, e q u i l  

4500 285 13, ooo 0 -15 1.23 
5400 285 12,000 .14 1-75 

The thermocouple outputs were amplified and read out on a high-speed recording 
oscil lograph (160 in./sec). 
d i f f e r e n t i a t e d  on a d i g i t a l  computer, and used i n  the above equation t o  
obtain the  heat- t ransfer  rate. The data  used were taken between 14 and 
24 milliseconds a f t e r  the  start of a run, when t h e  t r a c e s  appeared l i n e a r .  
The maximum estimated e r r o r  was +lo percent of t h e  heat- t ransfer  rate.  

These t r a c e s  were curve f i t t e d  with polynomials, 

The wall heat- t ransfer  r a t e s  were normlized by the  estimated Apollo . This was obtained by 0 
(qw)o,=, stagnation-point heat t r a n s f e r  a t  a, = 0 , 

multiplying t h e  measured stagnation-point heating r a t e  on a 1-inch-diameter 
hemisphere, t e s t e d  along with t h e  Apollo model outs ide i t s  bow shock, by 

1*14JRhemisphere/%. 
on t h e  hemisphere and t h e  Apollo model. (The f a c t o r  1.14 was taken from 
reference 1 and accounts f o r  the  e f f e c t  on the ve loc i ty  gradient ,  due t o  the 
Apollo model being a segment of a hemisphere.) 

This accounts f o r  the  difference i n  v e l o c i t y  gradients  

FACILITY AND TEST CONDITIONS 

The f a c i l i t y  i s  described i n  reference 2, and shown schematically i n  
I f igure  2. The nominal t e s t  conditions were: 

The t e s t  parameters 
The stagnation enthalpy was calculated by solving the  conservation equations 
(energy, momentum, and mass) across t h e  incident and re f lec ted  normal shocks 
i n  t h e  driven sect ion of the  shock tunnel (see f i g .  2 ) .  The inputs were t h e  
measured values of i n i t i a l  driven sect ion pressure and incident shock velocity,  
along with the  thermodynamic data  f o r  each gas .  Thermodynamic da ta  f o r  carbon 
dioxide were calculated by H. Bailey ( r e f .  3 ) .  
pressure,  temperature, and enthalpy i n  the stagnation region behind t h e  
r e f l e c t e d  shock. It was found t h a t  t h e  measured pressure behind t h e  r e f l e c t e d  
shock w a s  higher than t h e  calculated value; therefore ,  the  f i n a l  stagnation 
enthalpy w a s  obtained by assuming an isentropic compression f r o m t h e  calcu- 
l a t e d  r e f l e c t e d  shock pressure t o  the  measured pressure ( p t ) .  
the  t o t a l  enthalpy by approximately 10 percent. 

Measurements of tes t - sec t ion  s t a t i c  pressure i n  air  and CO2 indicated 
t h a t  the  t e s t  streams i n  these  gases were not  i n  equilibrium. The Mach nun- 
ber  and tes t - sec t ion  ve loc i ty  were determined by matching the t o t a l  and s t a t i c  
pressure measurements i n  air  t o  those calculated i n  reference 4 f o r  t h e  

po and pt were measured and t h e  others  were calculated.  

The f i n a l  r e s u l t s  were the  

This increased 
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probe measurement. 
obtain t h e  bes t  match. 

Conditions of frozen chemistry and v ibra t ions  were used to 

For carbon dioxide,  information similar t o  t h a t  i n  reference 4 was not 
avai lable ,  so  the  gas was assumed t o  be f u l l y  exci ted v ib ra t iona l ly  and chem- 
i c a l l y  frozen a t  the s tagnat ion conditions of pressure and enthalpy. 
free-stream ve loc i ty  was then estimated f r o m t h e  e f f e c t i v e  nozzle a rea  r a t i o  
f o r  air .  

The 

RESULTS AND DISCUSSION 

Figure 3 shows t h e  heat- t ransfer  d i s t r i b u t i o n  measured on the  Apollo 
afterbody a t  severa l  angles of a t t a c k  i n  a i r  and carbon dioxide.  A t  CL = Oo, 
t h e  heat- t ransfer  d i s t r i b u t i o n  changes very l i t t l e  with x/R ind ica t ing  that 
t h e  flow was probably separated.  As  angle of a t t ack  increases ,  t he  heat 
t r ans fe r  increases and becomes progressively more dependent on x/R u n t i l  a t  
t h e  higher angles of a t t a c k  ( a  = 33' and 44') t h e  d i s t r i b u t i o n  on the  wind- 
ward side is  cha rac t e r i s t i c  of a t tached flow (see r e f .  5 ) .  Small d i f fe rences  
a r e  found between the  a i r  and carbon dioxide d i s t r i b u t i o n s  where d i r e c t  com- 
parison can be made ( a  = O0 and 33') .  
t r ans fe r  d i s t r i b u t i o n  i s  s l i g h t l y  g rea t e r  than i n  air ,  while a t  33O any 
difference seems t o  be within the  s c a t t e r  of  t he  data. 
44O, no air da ta  were obtained; however, t he  good agreement a t  
33O would suggest s i m i l a r  comparisons a t  the  other  angles .  

A t  a = 0' t he  carbon dioxide heat-  

A t  a=160, 2 3 O ,  and 
a = Oo and 

Pr ior  t o  these  t e s t s ,  it was ant ic ipa ted  t h a t  there  might be l a rge  
differences i n  t h e  heat t r a n s f e r  f o r  air  and carbon dioxide.  This was con- 
cluded from unpublished ca lcu la t ions ,  performed as i n  reference 6, which 
showed the  pressures i n  carbon dioxide t o  be 50 percent lower than those i n  
a i r  on the afterbody of a hemisphere cylinder f o r  equilibrium flow. It w a s  
f e l t  t ha t  a similar r e s u l t  might e x i s t  fo r  t h e  Apollo afterbody. 
t h a t  the differences between a i r  and carbon dioxide were small could be 
explained by nonequilibrium e f f e c t s  on the  inv isc id  flow over the  Apollo 
afterbody. If the  inv isc id  flow i s  frozen, t h e  i sen t ropic  exponents of t he  
gases are  about t he  same and the  expansion around the  corner would r e s u l t  i n  
comparable afterbody pressure and hea t - t ransfer  d i s t r i b u t i o n s .  To determine 
i f  t h e  inviscid flow over the  Apollo afterbody were frozen, a ca lcu la t ion  
which showed the  chemical species f r ac t ions  i n  a stream-tube over t h e  windward 
s ide  of t h e  afterbody was car r ied  out and the results a r e  presented next .  

The f a c t  

Figure 4 shows the  chemical species  f r ac t ions  i n  a stream-tube p lo t t ed  
aga ins t  x/R f o r  the  Apollo a t  33O angle of a t t a c k  i n  a i r .  This s t reamtube  
m y  be visual ized as very near t h e  outer  edge of t he  boundary l aye r  i n  the  
inv isc id  flow. In f igu re  4 t h e  atomic species  of oxygen [XO] starts a t  zero, 
because of an assumption t h a t  no i n i t i a l  d i s soc ia t ion  OCCUTS across  the  shock 
wave, and rap id ly  approaches t h e  quasi-equilibrium value of oxygen [XO] 
When [XO] equals [XO] 

equilibrium. 
t h e  oxygen i s  considered t o  be i n  thermochemic8 

There is a l s o  a s l i g h t  amount of ni t rogen d i s soc ia t ion  [XN] 
9e' 
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... ... ........... .. . . . . . .  ... ........ ... . . . . . . .  ..... d m i d  the  i n i t i a l  high-te s t . r ; d i n e .  A f t e r  about 
$/R = 1.11, t h e  chemical.reactions proceed so slowly that [XO] becomes f ixed ,  
deviat ing from the  quasi-equilibrium value,  and remains so  over t h e  afterbody, 
whereas the  nitrogen recombines fast enough t o  maintain i t s e l f  i n  equilibrium, 
[XN] = [XNIqe. 
windward s ide  a t  a = 33'. Similar r e s u l t s  were found f o r  a = 0'. No 
similar stream-tube ca lcu la t ion  exis ts  f o r  carbon dioxide; however, it i s  
expected t h a t  t he  carbon dioxide inv isc id  flow i s  also not i n  equilibrium, 
s ince carbon dioxide recombination r a t e s  are  even slower than those f o r  a i r .  

Thus f o r  a i r ,  the  inv isc id  flow i s  believed frozen over t h e  

CONCLUDING REMARKS 

On the  Apollo afterbody no s igni f icant  d i f fe rence  was observed i n  heat- 
t r a n s f e r  d i s t r i b u t i o n s  obtained i n  a i r  and C02 at angles of a t t ack  of 0' and 
33'. 
f i e l d  about t h e  Apollo model. 

This may be t h e  r e s u l t  of nonequilibrium e f f e c t s  i n  the  inv isc id  flow 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Calif ., Aug. 2, 1965 
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Figure 3.- Comparison of air-C02 afterbody heat-transfer distributions. 
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